Three different lipases (porcine pancreatic, yeast, and mold) can vigorously act as catalysts in a number of nearly anhydrous organic solvents. Various transesterification reactions catalyzed by porcine pancreatic lipase in hexane obey Michaelis-Menten kinetics. The dependence of the catalytic activity of the enzyme in organic media on the pH of the aqueous solution front which it was recovered is bell-shaped, with the maximum coinciding with the pH optimum of the enzymatic activity in water. The catalytic power exhibited by the lipases in organic solvents is comparable to that displayed in water. In addition to transesterification, lipases can catalyze several other processes in organic media including esterification, aminolysis, acyl exchange, thiotransesterification, and oximolysis; some of these reactions proceed to an appreciable extent only in nonaqueous solvents.
In nature, enzymes function in aqueous solutions. Therefore, it is not surprising that virtually all studies in enzymology thus far have used water as the reaction medium. However, from the biotechnological standpoint there are numerous advantages of conducting enzymatic conversions in organic solvents as opposed to water: (i) high solubility of most organic compounds in nonaqueous media; (ii) ability to carry out new reactions impossible in water because of kinetic or thermodynamic restrictions; (iii) greater stability of enzymes; (iv) relative ease of product recovery from organic solvents as compared to water; and (v) the insolubility of enzymes in organic media, which permits their easy recovery and reuse and thus eliminates the need for immobilization.
Conventional wisdom dictates that water is required for enzyme action. This conclusion stems from the fact that water participates (directly or indirectly) in all noncovalent interactions maintaining the native, catalytically active enzyme conformation (1) (2) (3) (4) (5) ; hence, removal of water should drastically distort that conformation and inactivate the enzyme. Although this reasoning is undoubtedly correct, the real question is not whether water is indeed required but how much water. It is hard to imagine that an enzyme molecule can "see" more than just a few monolayers of water around it. As long as this water is localized about enzyme molecules, the rest (i.e., the bulk) of water can probably be replaced with an organic solvent without adversely affecting the enzyme.
Since the absolute amount of water contained in those few monolayers is very small, this situation is tantamount to an enzyme functioning in a nearly anhydrous organic medium.
There is some experimental confirmation of the above rationale. Price and co-workers have shown that chymotrypsin (6) and xanthine oxidase (7, 8) are catalytically active when suspended in organic solvents. We recently have found (9) that porcine pancreatic lipase vigorously acts as a catalyst in the 99.98% organic medium; in addition, upon dehydration the enzyme acquires some remarkable new properties-e.g., it becomes extremely thermostable and more selective (9) .
In the present work we examined mechanistically the catalytic behavior of enzymes in organic solvents. The questions concerning the dependence of the enzymatic activity on the water content, the "history" of the enzyme sample and the nature of the solvent, kinetics of enzymatic reactions in organic media, unusual reactions catalyzed by enzymes in organic solvents, and catalytic power of enzymes in organic media vs. that in water have been answered. Nearly all chemicals used in this work were obtained commercially and were of the highest purity available.
MATERIALS AND METHODS
Trichloroethyl butyrate was synthesized from the alcohol and the acid by the general procedure of Allen and Spangler (10). Other esters were synthesized from the corresponding acid chlorides and alcohols by the general method of Morris and Green (11) .
Water was removed from organic media by shaking them with 3A molecular sieves (Linde, South Plainfield, NJ), followed by storing them in the presence of the adsorbent. The water concentration both in organic media and in the enzymes was measured by the optimized Fischer method (12) Tributyrin (glyceryl tributyrate) and heptanol were dissolved in 2-pentanone, followed by dehydration of the mixture and addition of a known amount of water. Then a lipase powder was added, and the suspension formed [proteins are insoluble in this as well as in almost all other organic solvents (17) ] was shaken at 20'C. Fig. 1 shows the dependence of the rate of the transesterification reaction between tributyrin and heptanol catalyzed by three lipases on the percentage of water in the organic medium. One can see that the enzymatic activities of porcine pancreatic and mold lipases are only slightly dependent on the percentage of water in the range from 0.02% to 1%, whereas that of yeast lipase gradually decreases as the water content is lowered in that range. It should be stressed, however, that despite the quantitative differences, all three lipases exhibit a robust catalytic activity even at the percentage of water as low as 0.02%-i.e., in the 99.98% organic mediumr. This enzymatic activity is sustained over extended periods of time and is sufficient to nearly complete the reaction: for example, under the conditions given for Fig. 1 , the degree of conversion in the transesterification reaction catalyzed by porcine pancreatic lipase after 3 days exceeds 95%. Lipase-catalyzed transesterification in 2-pentanone is not merely an artifact due to the presence of protein because, when the lipases were inactivated by the active center-specific reagent diethyl p- nitrophenyl phosphate (13) , all three exhibited no catalytic activity in the organic medium. Since all enzymatic reactions in aqueous solutions are strongly pH-dependent, one of the most intriguing aspects of the phenomenon depicted in Fig. 1 is that of the "pH" in a nearly anhydrous organic milieu. To elucidate it, the following experiment was designed. Porcine pancreatic lipase was dissolved in an aqueous buffer, and the pH was adjusted to a given value. Then the enzyme was precipitated with cold acetone, recovered, and dried under vacuum. The enzymatic activity of the resulting lipase preparation was assayed both in water (at pH 8.4) and in a mixture of heptanol and tributyrin (containing only 0.02% water) as a function of the pH of the aqueous solution from which the enzyme was precipitated. One can see in Fig. 2 that the hydrolytic activity of lipase in water (curve a) is independent of the "pH history" of the enzyme sample; this is not surprising because the assay solution was always maintained at pH 8.4 (the optimum for the hydrolytic activity). At the same time, the catalytic activity of lipase in the organic medium very much depends on the pH from which the enzyme was precipitated, with the maximum approximately coinciding with the pH optimum of the enzymatic activity in water. Thus, the enzyme "remembers" the pH of the last aqueous solution that it had been exposed to (i.e., the enzyme's ionogenic groups acquire the corresponding ionization states, which then remain both in the solid state and in organic solvents). When assayed in the organic medium, the specific activity ofthe commercial sample ofporcine pancreatic lipase is one third of that of the enzyme precipitated from pH 8.4; in all subsequent experiments, the porcine pancreatic lipase precipitated from that pH was used. lipase. Lipase powder (10 mg) was added to 1 ml of 2-pentanone containing 0.3 M tributyrin and heptanol and a given amount of water; the suspension was shaken at 20°C and 250 rpm. The water content of the lipase preparations was 0.5% (after precipitation with acetone and drying), 6 .1%, and 4.8% (wt/wt) for porcine pancreatic, yeast, and mold, respectively. In the absence of lipases, no appreciable reaction was observed. The data shown in Table 1 can be explained in terms of the model described in the Introduction: there is a certain amount ofwater molecules required for the enzymatic activity. In the case of porcine pancreatic lipase, this water is tightly bound to the enzyme and even hydrophilic solvents do not strip it. On the other hand, this essential water is apparently bound much more loosely to the yeast lipase; therefore, it is partitioned into water-miscible (but not water-immiscible) solvents. Hence, the main factor in the effect of organic solvents seems to be not their interaction with the enzyme molecule itself but with the enzyme-bound water. One wonders whether enzymes, when placed in such unnatural environments as nearly anhydrous organic media, will still obey conventional Michaelis-Menten kinetics. On the basis of the classical lipolytic hydrolysis reaction (14, 15) , the kinetic scheme of the lipase-catalyzed transesterification is likely to involve formation of a noncovalent enzyme-ester complex, which then transforms to an acyl-enzyme intermediate and the alcohol product is released; this is followed by interaction of the acyl enzyme with the nucleophile (the other alcohol) to form another binary complex, which then yields the new ester and the free enzyme. This mechanism [compulsory order with no ternary complexes (18) ] affords a set of parallel straight lines when the reciprocal initial rates are plotted against the reciprocal ester concentrations at given concentrations of the alcohol. When the maximal velocities determined by this method are subsequently plotted against the reciprocal concentrations of the alcohol substrate, again a straight line is obtained (18) . Fig. 3 ; ND, not determined. *These parameters could not be determined exactly because of a very poor affinity of the ester to the enzyme. the corresponding plots are listed in Table 2 . One can see that the ratio Km (ester)/V for a given ester is approximately the same for different alcohols (the first three lines) as is the ratio Km (alcohol)/V for a given alcohol and different esters (the third and the fourth lines). This is in agreement with the assumed "ping-pong" mechanism (19) and, hence, further confirms the fact that lipase-catalyzed transesterifications in hexane obey the Michaelis-Menten kinetics.
Having established that the lipases can function as catalysts in nearly anhydrous organic media, one then wishes to know how high their catalytic activity is in such unnatural environments. To that end, we have determined the acceleration effect afforded by the lipases in the reaction between tributyrin and heptanol in hexadecane. The data obtained are presented in Table 3 in which the acceleration effect is expressed as the ratio of the rate of the lipase-catalyzed transesterification (at an enzyme concentration of 10 mg/ml) to that of the reaction in the absence of the enzyme. For the purpose of comparison, acceleration effects afforded by the lipases in the reaction of hydrolysis of tributyrin in water also were determined and are shown in the last column in Table  3 . One can see that the catalytic power of each lipase in the transesterification reaction in hexadecane compared to that in the hydrolysis reaction in water is of the same order of magnitude. That is, the enzymes seem to display their full inherent catalytic power in organic solvents, not just a small fraction of it. This strongly suggests that the enzyme conformations in organic solvents and in water are nearly identical [although in the former it is more rigid (9) ].
Thus far, we have examined various transesterification In the transesterification reaction, 0.01 M tributyrin and heptanol in hexadecane were used; in the hydrolysis reaction in aqueous solution (0.1 M KCI, pH 7.5), 0.01 M tributyrin was used. Lipases were used at 10 mg/ml, and other conditions were the same as shown in Table 1 .
*Defined as the ratio of the rate of the lipase-catalyzed reaction (enzyme concentration at 10 mg/ml) to that of the nonenzymatic one.
tThe rate of the transesterification in the absence of lipases at 20°C was too slow to measure. Therefore, it was measured at 5°C increments in the temperature range from 85°C to 120°C and then was extrapolated to 20°C using the Arrhenius dependence.
tThe rate of the hydrolysis in the absence of lipases at pH 7.5 and 20°C was too slow to measure. Therefore, it was measured at increments of 0.5 pH unit in the pH range from 9.5 to 12.0 and then linearly extrapolated to pH 7.5 (all at 20°C).
reactions catalyzed by lipases in organic solvents. We have found that several other processes also can be carried out enzymatically in nonaqueous media. For example, porcine pancreatic lipase, in addition to transesterification, also can catalyze reactions of esterification, aminolysis, acyl exchange, thiotransesterification, and oximolysis. The rates of these enzymatic reactions in different organic solvents are shown in Table 4 . It should be stressed that some of these processes can be conducted only in nonaqueous solventse.g., the esterification reaction between butyric acid (0.3 M) and heptanol (0.3 M) catalyzed by porcine pancreatic lipase at 10 mg/ml stops in water (0.05 M glycine buffer, pH 8.4) at a degree of conversion of <0.1%, whereas the degree of conversion of the same reaction in hexane after 2 hr exceeds 90%o.
CONCLUDING REMARKS
We have shown in this study that three different lipases can catalyze a number of reactions in nearly anhydrous organic solvents. The catalytic efficiency of the enzymes in organic media is similar to that in water, and their action can be described by conventional Michaelis-Menten kinetics. In addition to the lipases, other enzymes have been found to function in organic solvents: chymotrypsin (6), xanthine oxidase (7, 8) , peroxidase (see below), and polyphenol oxidase (unpublished data). Since these enzymes belong to different classes and obviously consist of the same amino acids as all others, it seems that other enzymes should be able to work in organic solvents as well. Recently, Japanese authors have reported (20) (21) (22) that Pseudomonas lipoprotein lipase and horseradish peroxidase become soluble and catalytically active in benzene following their modification with a polyethylene glycol derivative. We reexamined their data and make the following assessment. Unmodified lipoprotein lipase (Amano), although insoluble in benzene, has a catalytic activity in that solvent (saturated with water) that is nearly the same as that reported for the modified enzyme (21, 22) . In the case of peroxidase, the commercial (Sigma) enzyme is indeed catalytically inactive in benzene in the reaction of oxidation of dianisidine with H202. However, when horseradish peroxidase was precipitated from pH 7 (optimum of the enzymatic activity) onto glass powder (this affords a thin layer of the enzyme on the glass surface and, consequently, a more efficient utilization of the available enzyme than in a suspension of the free enzyme), its catalytic activity in benzene was comparable with that of the modified enzyme-both as reported (20) and observed by us. Therefore, we conclude that in the case of both enzymes, chemical modification is not required because its only benefit (which may not be worth the trouble of a very laborious and time-consuming modification procedure) is that it yields a soluble enzyme system, which is hence free of intraparticle diffusional limitations.
We hypothesize that perhaps all enzymes can function in organic solvents, and the real question concerns only finding the appropriate conditions for that (recovery of the enzyme from the correct pH, sufficiently fine suspension of the enzyme, optimal organic solvent, etc.). This would create totally new opportunities in the area of applied enzymology (23) , in particular the use of enzymes as catalysts in organic chemistry (24, 25) , and should result in many novel enzymebased processes.
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